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Abstract 
This article presents an adaptive attitude tracking controller with external disturbances and unknown inertia parameters. The simi-
lar skew-symmetric structure is extended from the autonomous case to the non-autonomous case. The non-autonomous similar 
skew-symmetric is chosen as the desired structure of the closed loop system for attitude controller design. Based on this structure, a 
novel adaptive backstepping scheme is proposed to design the attitude controller by taking full advantage of the symmetry and the 
positive definiteness of the inertia matrix. The attitude tracking precision is enhanced by employing the linear parameterized form of 
the external disturbance torques. Simulation results demonstrate the effectiveness of the proposed attitude controller. 
Keywords: spacecraft attitude tracking; similar skew-symmetric structure; backstepping; adaptive; non-autonomous 
1. Introduction1 
With the development of aerospace technology, 
more and more space missions require that the in-
volved spacecraft carry out attitude maneuvers and 
attitude tracking with large angle. In this case, there 
are strong nonlinearities in the kinematics and the dy-
namics of the spacecraft, thus it is necessary to design 
attitude controller by employing nonlinear control the-
ory. Since the inertia parameters of the spacecraft often 
cannot be exactly known, and there exist uncertain 
external disturbances in the orbit environment, these 
uncertainties should be fully considered in the design 
process of attitude controller such that the control per-
formance can be guaranteed. 
Due to the above-mentioned requirements, various 
nonlinear control theories have been applied to space-
craft attitude control. For example, two attitude con-
trollers were presented for large angle maneuvers 
based on feedback linearization method[1-2]. An 
optimal controller for attitude tracking was proposed 
in Ref.[3]. Unfortunately, the aforementioned three 
design procedures did not consider the uncertainties 
which exist in the spacecraft. In Refs.[4]-[5], two slide 
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mode controllers were developed for large angle atti-
tude maneuvers and attitude tracking respectively. 
However, both of these two control laws involve chat-
tering. H∞ control theory has also been applied to atti-
tude control[6-8], but these designs did not fully employ 
the characteristics of the external disturbances of the 
spacecraft so the results are conservative. In 
Refs.[9]-[11], adaptive control method was used to 
design attitude controller with unknown inertia pa-
rameters. And the design in Ref.[10] also dealt with 
external disturbances, but the disturbance rejection 
was only taken into account for constant disturbances. 
The backstepping method[12-13] is an effective tool 
for nonlinear plants with a lower triangular structure. A 
prominent advantage of this method is that it can ef-
fectively deal with uncertainties in a linear parameter-
ized form by adaptive design. Since the dynamics and 
the kinematics of the spacecraft form a lower triangu-
lar system, backstepping has received extensive re-
searches on attitude control over the past ten years. For 
example, an inverse optimal control law was proposed 
for attitude stabilization using the backstepping 
method[14]. Ref.[15] presented a robust backstepping 
controller for attitude stabilization by employing a 
nonlinear tracking function. And it can avoid sluggish 
response, adverse nonlinear term cancellation and ex-
cessive control action. Ref.[16] developed an attitude 
controller for attitude maneuver from an arbitrary ini-
tial attitude to a constant command attitude. For the Open access under CC BY-NC-ND license.
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same attitude maneuver problem, Ref.[17] presented 
an attitude controller using the novel backstepping 
procedure based on the autonomous similar skew- 
symmetric structure[18]. And this controller can effec-
tively reject constant disturbances because it contains a 
term of the integral of the attitude error. Ref.[19] pre-
sented a nonlinear proportional-integral-derivative 
(PID)-like attitude controller by recursive passivation 
through backstepping. Another backstepping controller 
was proposed for attitude tracking in which the dy-
namics of the practical reaction wheels was consid-
ered[20]. However, among the above backstepping atti-
tude controllers, those proposed in Refs.[14], [16]-[17], 
[19]-[20] did not consider the uncertainty of the inertia 
matrix. Though the controller proposed in Ref.[15] 
was robust for the uncertainties of the diagonal ele-
ments in the inertia matrix, the uncertainties of the 
off-diagonal elements were not taken into account. In 
Ref.[21], W. Luo, et al. addressed adaptive attitude 
tracking for a rigid spacecraft with external distur-
bances and an unknown inertia matrix by combining 
the adaptive backstepping method and the robust in-
verse optimal control method. The proposed control 
law can achieve H∞ disturbance attenuation with re-
spect to external disturbances. However, the character-
istics of the external disturbances were also not fully 
employed to avoid conservativeness. 
This article addresses adaptive controller design for 
spacecraft attitude tracking. The similar skew-sym- 
metric structure proposed in Ref.[18] is extended from 
the autonomous case to the non-autonomous case, thus 
a novel backstepping method is proposed for adaptive 
attitude tracking controller design based on the 
non-autonomous similar skew-symmetric structure. 
The proposed design scheme fully employs the fact 
that the inertia matrix of a rigid spacecraft is symmet-
ric, positive definite and constant. In order to achieve 
good control performance under external disturbances, 
a linear parameterized model of the external distur-
bances is introduced into the design procedure.  
2. Stability Analyses for Nonlinear Systems with a 
Non-autonomous Similar Skew-symmetric Struc-
ture 
A class of nonlinear system structure named as simi-
lar skew-symmetric structure was presented in 
Ref.[18]. And the stability of autonomous nonlinear 
systems with such a structure was analyzed therein. To 
facilitate the subsequent controller design, we extend 
the results to the non-autonomous case in this section. 
The nonlinear systems considered in this section can 
be described by 
( , )t=x A x x                (1) 
where A = [Aij (x, t)] (i, j = 1,2, …, m), Aij is an ni × nj 
functional matrix which satisfies Aii = Li Ai (x, t) and 
Aij= T 1( )i ji j j i
−
− <L A L , Li (i = 1,2, …, m) is a symmetric 
positive definite constant matrix. 
Let C = diag(C1, C2, …, Cm), where Ci is a sym- 
metric positive definite constant matrix which satisfies 
2
i i=C L , if we take a state transformation x = Cz, then 
system Eq.(1) is transformed into the following form: 
=z Bz                   (2) 
where B= [Bij (x, t)], 1 .ij i ij j
−
=B C A C Using ij i= − ⋅A L  
T 1( )ji j j i
− <A L , we can obtain that ij ji= −
TB B  holds 
true for any i ≠ j. This implies the off-diagonal blocks 
of B are block skew-symmetric. Since A is similar to B, 
system Eq.(1) is said to have a similar skew-symmetric 
structure.  
Remark 1  In the following, Ai (x, t) is said to be 
strict negative definite if Tix Ai xi<0 holds true for all 
xi ∈ +inR , and it is denoted by Ai (x, t)<0. Similar de-
notation is adopted for negative semi-definiteness. 
Because T T T( ) / 2i i i i i i i= +x A x x A A x , the definiteness 
of Ai is equivalent to that of Ti i+A A . Based on this 
fact, Ai is not required to be symmetric. 
Theorem 1  Nonlinear system Eq.(1) is globally 
stable if all Ai ≤ 0, and it is globally asymptotically 
stable if all Ai < 0. 
Corollary 1  If all Ai ≤ 0, then T 1
1
m
i i i
i
V −
=
=¦ x L x /2 is 
a Lyapunov function of system Eq.(1) with V =  
T
1
m
i i i
i=
¦ x A x . 
As in the autonomous case, the proof of the above 
theorem and corollary can also be achieved by choos-
ing the Lyapunov candidate as T 1
1
/ 2
m
i i i
i
V −
=
=¦ x L x , and 
the detailed process is omitted. 
Remark 2  A nonlinear system with a similar 
skew-symmetric structure can be described by Eq.(1). 
If all Aij are independent of t, then this system is said 
to have an autonomous similar skew-symmetric struc-
ture; otherwise it is said to have a non-autonomous 
similar skew-symmetric structure. With regard to the 
stabilization problem of a nonlinear system with a 
lower triangular system, the closed loop system can be 
synthesized to have an autonomous similar skew- 
symmetric structure by using the novel backstepping 
proposed in Ref.[18] if the plant is autonomous. Oth-
erwise the closed loop system usually cannot be syn-
thesized to have an autonomous similar skew-sym-
metric structure. However, the closed loop system can 
be synthesized to have a non-autonomous similar 
skew-symmetric structure by similar design. 
3. Spacecraft Mathematical Model 
In this section, an attitude tracking model is pre-
sented for rigid spacecraft. And a linear parameterized 
model of external disturbances is introduced in the 
model to facilitate adaptive design for disturbance re-
No.2 Liu Yicheng et al. / Chinese Journal of Aeronautics 23(2010) 227-234 · 229 · 
 
jection in the next section. 
For preparation, a notation is introduced as follows: 
∀a = [a1  a2  a3]T∈R3, the notation a× denotes the 
skew-symmetric matrix given by 
3 2
3 1
2 1
0
0
0
a a
a a
a a
×
−ª º« »
= −« »« »
−¬ ¼
a  
In Ref.[21], the attitude tracking control problem is 
transformed into the problem of stabilizing the fol-
lowing system: 
e
1 ( )
2ε ε
=q E q ω           (3) 
1
e e d d( )
− × ×
= − + + + − J J u d R Rω ω ω ω ω ω     (4) 
where T T0 v[ ]qε ε ε=q q (
3
0 v 2
,  ,  1q ε ε ε∈ ∈ =R Rq q ) 
is the error quaternion which denotes the orientation of 
the body-fixed frame Bb with respect to the tracked 
frame Bd, ω∈R3 the inertial angular velocity of the 
spacecraft with respect to the inertial frame Bi and 
expressed in the body-fixed frame Bb, ωd∈R3 the an-
gular velocity of Bd with respect to the inertial frame 
Bi and expressed in Bd, and it is assumed that ωd is 
bounded and differentiable, ωe the attitude angular 
velocity of Bb with respect to Bd and expressed in Bb, 
J∈R3×3 the inertia matrix and it is a symmetric positive 
definite constant one, u∈R3 the control torque vector, 
d∈R3 the external disturbance torques, such as gra- 
vity-gradient torque, solar radiation torque, magnetic 
disturbance torque and aerodynamic torque, R is the 
rotational matrix of the body-fixed frame with the 
tracked frame, E(qε) is defined as 
T T
v v
1v 0 3
( )
( )q
ε ε
ε
εε ε
×
ª º ª º−
−
= « » « »
+« » ¬ ¼¬ ¼
q qE q
E qq I
        (5) 
Rather than design directly based on the above-men-
tioned model, we introduce a notation as 
T T
0 v[ 1 ]q ε ε= −e q          (6) 
Thus it follows from Eq.(3) that 
e
1 ( )
2 ε
=e E q ω               (7) 
It is easy to verify that  
T
v( )ε ε=E q e q               (8) 
As far as the external disturbances are concerned, 
the constant ingredient and sine ingredient (with the 
orbit angular velocity ωo as their angular frequency) 
are the main ingredients. If the subordinate ingredients 
are ignored, then the external disturbances can be ex-
pressed as the following linear parameterized form: 
s o c osin( ) cos( )t tω ω= + +d k k k       (9) 
where k, ks, kc ∈R3 are unknown constant vectors.  
The above-mentioned analysis shows that Eq.(4), 
Eq.(7) and Eq.(9) can be used to describe the motion 
of the spacecraft with respect to the desired attitude 
trajectory. And the tracking problem has been con-
verted into an asymptotic stabilization problem for e 
and ωe. 
4. Adaptive Control Law 
In this section, we present an adaptive law for 
spacecraft attitude tracking by a novel backstepping 
procedure.  
Remark 3  Compared with the conventional back-
stepping[12-16, 19-21], the key idea of the backstepping 
proposed in Ref.[18] is to choose the autonomous 
similar skew-symmetric structure as the desired struc-
ture of the closed loop system. The conventional back-
stepping is based on Lyapunov function construction, 
while the following design is based on the non- 
autonomous similar skew-symmetric structure. 
Remark 4  Ref.[17] addressed attitude maneuver 
based on an exact dynamic model of the spacecraft. 
However, what this article addresses is attitude track-
ing, therefore the proposed design method has more 
generality. Furthermore, the uncertainties of the iner-
tial parameters and the external disturbances are con-
sidered in the proposed design procedure, thus robust-
ness and control precision are enhanced compared 
with that in Ref.[17]. 
To facilitate the subsequent design, we introduce a 
linear operator[9]ϒ :R3→:R3×6 acing on a∈R3 by 
1 3 2
2 3 1
3 2 1
0 0 0
( ) 0 0 0
0 0 0
a a a
a a a
a a a
ª º« »
= « »« »¬ ¼
ϒ a    (10) 
Let α = [J11  J22  J33  J23  J13  J12] denote iner-
tia parameter vector, where Jij represents the corre-
sponding element of the inertia matrix, then it can be 
verified that   
( )=Ja aϒ α            (11) 
The design can be carried out by the following 
backstepping design procedure. 
Step 1  Consider ωe as the control of system Eq.(7), 
and the virtual control can be chosen as 
T
ed 1 1 v( )k kε ε= − = −E q e qω      (12) 
where k1>0 is a regulated parameter, the second iden-
tity is obtained by employing Eq.(8). Thus system 
Eq.(7) is transformed into the following form: 
T
1
1 1( ) ( ) ( )
2 2
k ε ε ε= − +e E q E q e E q z     (13) 
where z is the virtual control error, and it can be ex-
pressed as 
e ed e 1 vk ε= − +z qω ω ω=          (14) 
Step 2  Calculating time derivative of z gives 
1
s o c o
1
e d d 1 e
[
sin( ) cos( )]
( )
2
t t
k
ε
ω ω
− ×
×
= − + + +
+ +
− +


z J J u k
k k
R R E q
ω ω
ω ω ω ω      (15) 
For simplifying the notation, introduce the follow-
ing denotation: 
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 1e d d 1 e( )2
k
ε
×
= − +R R E qϑ ω ω ω ω    (16) 
Thus Eq.(15) can be transformed into the following 
form: 
1
s o c o
1
s o c o
[
sin( ) cos( )]
{[ ( ) ( )]
sin( ) cos( )}
t t
t t
ω ω
ω ω
− ×
− ×
= − + + + +
+ =
− + + +
+ +
z J J u J k
k k
J u
k k k
ω ω ϑ
ω ϒ ω ϒ ϑ α
   (17) 
For convenience, another notation is introduced as 
( ) ( )×= −Φ ϒ ϑ ω ϒ ω            (18) 
then Eq.(17) can be expressed as 
1
s o c o[ sin( ) cos( )]t tω ω
−
= + + + +z J u k k kΦα  (19) 
The control can be chosen as  
T
s o c o
2 s o
c o v 2 e 1 v
ˆ ˆ ˆˆ sin( ) cos( ) ( )
ˆ ˆˆ sin( )
ˆ cos( ) ( )
t t l
lk t
t l lk k
ε
ε ε
ω ω
ω
ω
= − − − − − −
= − − − −
− − +
u k k k E q e
z k k
k q q
Φα
Φα
ω (20) 
where l, k2 >0 are both regulated parameters. Thus 
Eq.(19) is transformed into the form as below: 
1 T 1
2
s o c o
2 [ ( ) / 2 /2] [
sin( ) cos( )]
l k
t t
ε
ω ω
− −
= − − + +
+ +

  
z J E q e z J
k k k
Φα
  (21) 
To make the closed loop system have a similar 
skew-symmetric structure, the update laws of the 
adaptive parameters can be chosen as  
1 T 1 1 T
1 1ˆ 2 ( ) (2 )l lλ λ− − −= =α Φ ΦJ J z z     (22) 
1 T 1 1
2 2
ˆ 2 ( ) (2 )l lλ λ− − −= =k J J z z     (23) 
1 T 1 1
s 3 o
3 o
ˆ 2 (sin( ) ) (2 )
  sin( )
l t l
t
λ ω
λ ω
− − −
= =
k J J z
z     (24) 
1 T 1 1
c 4 o
4 o
ˆ 2 (cos( ) ) (2 )
  cos( )
l t l
t
λ ω
λ ω
− − −
= =
k J J z
z
   (25) 
where s cˆ ˆ ˆˆ, , ,k k kα    are the estimates of α, k, ks, kc re-
spectively, and λ1, λ2, λ3, λ4>0 are all regulated pa-
rameters. Since α, k, ks, kc are all constant vectors, the 
above parameter update laws imply that 
1 T 1 1
12 ( ) (2 )l lλ − − −= −α ΦJ J z       (26) 
1 T 1 1
22 ( ) (2 )l lλ − − −= −k J J z         (27) 
1 T 1 1
s 3 o2 [sin( ) ] (2 )l t lλ ω − − −= −k J J z     (28) 
1 T 1 1
c 4 o2 [cos( ) ] (2 )l t lλ ω − − −= −k J J z     (29) 
where T1 2 3 4 5 6 ˆ[ ]α α α α α α= = −      α α α , 1[k= k  
T T
2 3 s s1 s2 s3 s s
ˆ ˆ ] , [ ]k k k k k= − = = −    k k k k k and c =k  
T
c1 c2 c3 c [ ]k k k = −   k ckˆ are the estimate errors of α, 
k, ks and kc respectively. Eq.(13), Eq.(21), Eqs.(26)- 
(29) show that the closed loop system can be de-
scribed as  
T
1
1 T 1 1 1 1 1
e 2 o o
1 T 1 1
1
1 T 1 1
2
s
1 T
3 o
c
1 1( ) ( ) ( )
2 2
1 12 ( ) 2 sin( ) cos( )
2 2
2 ( ) (2 )
2 ( ) (2 )
2 [sin( ) ] (2
k
l l k t t
l l
l l
l t l
ε ε ε
ε ω ω
λ
λ
λ ω
− − − − − −
− − −
− − −
− −
−ª º« »« »
− −« »« »
=
−« »« »
−« »« »
−« »¬ ¼
0 0 0 0
0 0 0 0 0
0 0 0 0 0
0






E q E q E qe
z
J E q q J z J J J J
J Jk
J Jk
J J
k
Φ
α
Φ
s
1 1
c
1 T 1 1
4 o
)
2 [cos( ) ] (2 )l t lλ ω
−
− − −
ª º« » ª º« » « »« » « »« » « »« » « »« » « »« » « »« » « »« » « »¬ ¼« »« »
−¬ ¼
0 0 0 0
0 0 0 0 0




e
z
k
k
k
J J
α
  (30) 
It can be seen that system Eq.(30) has the similar 
skew-symmetric structure of system Eq.(1) with 
L1 = I4, A1 = −k1E(qε) ET(qε)/2, L2 = 2lJ −1, A2 = 
−k2I3/2, L3 = 2λ1lI6, A3 = 0, L4 = 2λ2lI3, A4 = 0, 
L5 = 2λ3lI3, A5 = 0, L6 = 2λ4lI3 and A6 = 0. According 
to Theorem 1, the closed loop system is Lyapunov 
stable, which implies that s c,  ,  ,  ,  and  e z k k kα are 
bounded. Using Eq. (14), we obtain that ωe is bounded. 
In view of the fact that ωe= ω −Rωd, where R is the 
attitude matrix and is orthogonal, thus ω is bounded 
when ωd is bounded. Since α, k, ks and kc are all con-
stant vectors, it is obtained that s cˆ ˆ ˆˆ,  ,  andk k kα are all 
bounded. Using Corollary 1, a Lyapunov function of 
the closed loop system and its time derivative can be 
respectively given by 
T T T T
1 2
1 1 1 1
2 2 2 2
V
l l lλ λ
§
= + + + +
©¨
  e e z Jz k kα α  
T T
s s c c
3 4
1 1
2 2l lλ λ
·
+
¹¸
   k k k k           (31) 
T T T
1 2
T T
1 v v 2
1 1( ) ( )
2 2
1 1
2 2
V k k
k k
ε ε
ε ε
= − − =
− −
 e E q E q e z z
q q z z      (32) 
It can be seen that all related functional matrices in 
Eq.(30) are sufficiently differential. Therefore the time 
derivative of V exists. Calculating time derivative of 
Eq.(32), by using the boundness of the above-mentioned 
signals, we obtain that V is bounded, which implies 
that V is uniformly continuous. By using Lyapunov- 
like Lemma[22], we obtain that 
v
lim 0
lim lim
t
t t
V
ε
→∞
→∞ →∞
→ 
= =0, 0

q z     (33) 
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Combining Eq.(14) and Eq.(33) yields  
v
e
lim
lim
t
t
ε
→∞
→∞
= ½°¾
= °¿
0
0
q
ω
            (34) 
Since lim
t→∞
= 0z , we obtain from Eqs.(26)-(29) that 
s
c
lim
lim
lim
lim
t
t
t
t
→∞
→∞
→∞
→∞
½= °°
= °°¾
= °°°
= °¿
0
0
0
0




k
k
k
α
             (35) 
This implies that all the estimate errors of the parame-
ters converge to a constant; however, these errors do 
not necessarily converge to zero.  
Remark 5  Eq.(34) implies that the proposed adap-
tive attitude controller can achieve a zero attitude 
tracking error in steady-state with the external distur-
bances in the form of Eq.(9). In fact, for the following 
more general disturbance  
s c
1
sin( ) cos( )
n
i i
i i
i
t tω ω
=
= + +¦d k k k      (36) 
where 3s c, , 
i i ∈ Rk k k are unknown constant vectors, and 
ωi∈R+ is known. Since the disturbance given by 
Eq.(36) has the linear parameterized form, the pro-
posed adaptive backstepping design can be easily ex-
tended to accommodate such disturbances. For other 
disturbances, there often exists tracking error when the 
proposed attitude controller is adopted, but the control 
gain l can be increased to enhance attenuation for these 
disturbances.  
5. Simulations 
The attitude tracking of a rigid body micro-satellite 
is simulated to demonstrate the performance of the 
proposed adaptive attitude controller.  
The inertia parameters of the spacecraft are given by 
α =[10  10  8  0.4  0.7  1.0]T kg·m2. The angular 
velocity of the tracked frame Bd is given by ωd = [2  1  
3]T×10−2sin(0.1t) rad/s. The initial attitude error in 
term of 3-2-1 set of Euler angle is [125.550 5°  
44.248 2°  −48.561 8°]T. The disturbance is given by 
T 3
o o[2 1 3] 10 (sin( ) cos( ) 1) N mt tω ω
−
= × + + + Δ ⋅d d  
where ωo = 0.001 1 rad/s, Δd is the random distur-
bance generated by signal generator of MATLAB, with 
an amplitude of [2  3  4]T×10−4 N·m and a frequency 
of ωo.  
The related parameters of the proposed attitude con-
troller are chosen as k1 = 0.02, k2 = 25, l = 0.06, 
λ1 = 5 000, λ2 = 0.3, λ3 = 0.3, λ4 = 0.3. And the initial 
values of the adaptive parameters are chosen as 
k(0) = 0, ks(0) = 0, kc(0)=0. 
To illustrate the effectiveness of the proposed atti-
tude controller, the dynamic behavior of the attitude 
tracking control system with the proposed attitude 
controller is simulated and its control quality is com-
pared with that of the adaptive attitude controller with 
disturbance attenuation in Ref.[21]. The criteria for 
comparison are specified as 
(1) Steady-state attitude tracking precision in terms 
of 3-2-1 Euler angles φ, θ and ψ. 
(2) Steady-state attitude stability precision. 
(3) Convergence speeds of the attitude tracking er-
rors and the attitude angular velocities. 
(4) Amplitudes of control torques. 
The related parameters of the attitude controller pro-
posed in Ref.[21] are chosen as K = 0.01I3, K1 = 5I3, 
Γ = 3 000I3, c=0.35, β = 2, Γ = 3 000I3, c = 0.35, β = 
2, γ =1. And the initial estimate values of the inertial 
parameters are chosen as α(0) = [12  12  10  0.8  
1  0.5]T in the both cases. 
The simulation results are illustrated in Tables 1-3, 
and Figs.1-11. Table 1 gives the steady-state attitude 
tracking precision in the two cases, Table 2 the 
steady-state attitude stability precision, and Table 3 the 
amplitude of the control torques. Figs.1-7 show the 
simulation results using the proposed adaptive attitude 
controller. Figs.8-11 show the simulation results with 
the adaptive attitude controller in Ref.[21].  
 
Fig.1  Attitude error with proposed controller. 
 
Fig.2  Attitude stability with proposed controller. 
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Fig.3  Control torques with proposed controller. 
 
Fig.4  Estimate errors of inertial parameters with proposed 
controller.   
 
Fig.5  Estimate errors of parameters of constant disturbance 
ingredient with proposed controller.  
 
Fig.6  Estimate errors of parameters of sine disturbance 
ingredient with proposed controller. 
 
Fig.7  Estimate errors of parameters of cosine disturbance 
ingredient with proposed controller. 
 
Fig.8  Attitude error with controller in Ref.[21]. 
 
Fig.9  Attitude stability with controller in Ref.[21]. 
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Fig.10  Control torques with controller in Ref.[21]. 
 
Fig.11  Estimate errors of inertial parameters with control-
ler in Ref.[21]. 
Table 1  Attitude tracking precision in steady state 
Controller φ/(°) θ/(°) ψ/(°) 
The proposed one 0.025 5 0.029 8 0.033 4 
The one in Ref.[21] 3.929 7 0.742 3 2.548 8 
Table 2  Attitude stability precision in steady state 
Controller ωe1/((°)·s−1) ωe2/((°)·s−1) ωe3/((°)·s−1)
The proposed one 0.002 7 0.004 1 0.006 2 
The one in Ref.[21] 0.005 8 0.005 2 0.004 6 
Table 3  Maximal control torque 
Controller u1/(N·m) u2/(N·m) u3/(N·m) 
The proposed one 0.027 7 0.031 8 0.094 9 
The one in Ref.[21] 0.093 4 0.040 4 0.097 2 
It can be seen from Table 1 that the proposed atti-
tude controller can achieve much higher attitude 
tracking precision. Fig.1 and Fig.8 show that the atti-
tude errors converge much faster with the proposed 
attitude controller. Table 2 shows that higher attitude 
stability precision is obtained for x axis and y axis 
when the proposed attitude controller is adopted, while 
the controller in Ref.[21] achieves higher attitude sta-
bility precision in z axis. It can be seen from Fig.2 and 
Fig.9 that the attitude angular velocities converge with 
much higher speed when the proposed attitude con-
troller is employed. Table 3 illustrates that smaller 
control torques are required with the proposed attitude 
controller. The above simulation results can be attrib-
uted to the reason that the sine disturbances and the 
constant ones do not influence the steady attitude 
tracking precision when the proposed attitude control-
ler is adopted, while the attitude controller in Ref.[21] 
can only attenuate the two class of disturbances. We 
can see from Fig.4 and Fig.11 that the controller in 
Ref.[21] is also not preferable as far as the estimate 
errors of the inertia parameters are concerned. How-
ever, Figs.4-7 show that the estimate errors of the 
adaptive parameters do not converge to zero. This re-
sult can be explained as follows: first, satisfactory pa-
rameter identification usually requires that there exist 
sufficient frequency ingredients in the tracked signals; 
second, the unmodeled disturbance also influence the 
parameter estimate. Though the parameter estimate 
errors do not converge to zero, the tracking perfor- 
mance is enhanced by the adaptive design. 
Remark 6  If the constraint on the control torques 
is not considered, many attitude controllers can 
achieve higher control precision by using larger con-
trol torques. However, the actuators can only provide 
limited control torques. Therefore it is important to 
carry out the comparison under the same constraint on 
control torques. For example, for the same attitude 
controller in Ref.[21], the obtained control precision is 
much lower in the above simulations than that in the 
simulations in Ref.[21] because smaller control torques 
are adopted in the above simulations. 
The above-mentioned comparisons and analyses 
show the effectiveness of the proposed adaptive atti-
tude controller.  
6. Conclusions 
An adaptive attitude tracking controller is developed 
for disturbance rejection with unknown inertia pa-
rameters. The disturbance rejection design is based on 
the cognition that main ingredients of the external dis-
turbances are constant ones and sine ones with angular 
frequency of the orbit angular velocity. The pivotal 
idea is to choose the non-autonomous similar skew- 
symmetric structure as desired structure of the closed 
loop system for controller design. Thus the design is 
accomplished by a novel backstepping procedure in 
which the symmetry and positive definiteness of the 
inertia matrix is employed. And the design procedure 
also fully employs the linear parameterized form of the 
external disturbances. The derived attitude controller 
can enhance attitude tracking precision. Simulation 
results demonstrate the effectiveness of the proposed 
control algorithm. 
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